Abstract. The chemokine monocyte chemoattractant protein-1 [MCP-1; also known as chemokine (C-C motif) ligand 2] is an important mediator of monocyte recruitment during inflammatory processes. Pathologically high expression levels of MCP-1 by tumor cells have been observed in a variety of cancer types. In the majority of cases, high MCP-1 expression is associated with a poor prognosis, as infiltration of the tumor with inflammatory monocytes promotes tumor progression and metastasis. MCP-1 is also expressed in renal cell carcinoma (RCC). In the present study, the function and the regulation of MCP-1 was investigated in two RCC cell lines, CaKi-1 and 786-O. In both cell lines, expression of MCP-1 was significantly enhanced compared with non-cancerous control cells. As expected, secretion of MCP-1 into the medium facilitated the recruitment of peripheral blood monocytes via the chemokine (C-C motif) receptor type 2 (CCR2). As expression of CCR2 was also detected in 786-O and CaKi-1 cells, the effect of autocrine MCP-1/CCR2 signaling was evaluated in these cells. In proliferation assays, administration of an MCP-1 neutralizing antibody or of a CCR2 antagonist to CaKi-1 and 786-O cells significantly decreased cell growth; supplementation of the growth medium with recombinant human MCP-1 had no additional effect on proliferation. The migration ability of RCC cells was impaired by MCP-1 neutralization or pharmacological CCR2 inhibition, while it was stimulated by the addition of recombinant human MCP-1, compared with untreated control cells. Finally, substantial differences in the regulation of MCP-1 expression were observed between RCC cell lines. In CaKi-1 cells, expression of MCP-1 appears to be largely mediated by the transcription factor nuclear factor of activated T cells 5, while in 786-O cells, deletion of the tumor suppressor gene Von-Hippel-Lindau appeared to be responsible for MCP-1 upregulation, as suggested by previous studies. Taken together, the results of the current study indicate that expression of MCP-1 in RCC cells promotes tumor progression and metastasis not only by paracrine, but also by autocrine, MCP-1/CCR2 signaling events, enhancing cell proliferation and migration ability. Therefore, the present findings suggest the MCP-1/CCR2 axis is a potential target for future therapeutic strategies in the treatment of metastatic RCC.
Introduction
Renal cell carcinoma (RCC) originates from epithelial cells of the proximal tubule and is the most common type of kidney cancer worldwide (1). The incidence rates among males are 6.6 in the UK, 9.7 in Germany, and 10 in the USA (per 100,000); incidence rates vary substantially across different countries or regions, for example 2.8 in Korea and 15.3 in the Czech Republic. Rates among females are approximately half of those among males (1) . Due to its high resistance to conventional radiation and chemotherapy, metastatic RCC has a very poor prognosis. Significant efforts have been made in the last two decades to identify the genetic basis of RCC. In the majority of cases of sporadic RCC, deletion or mutation of the tumor suppressor gene Von-Hippel-Lindau (VHL) has been detected (2) . VHL catalyzes the degradation of hypoxia-inducible factor-α (HIF-α) under normoxic conditions, and loss of VHL results in accumulation of HIF-α and downstream induction of vascular endothelial growth factor (VEGF), as well as other factors that contribute to tumorigenesis (3) . Targeting VEGF signaling pathways has increased the therapeutic options in the treatment of metastatic RCC (4) . However, continued research is necessary to gain a better insight into the biological basis of carcinogenesis and metastasis, and to identify potential targets for novel therapeutic strategies.
Cancer cells produce a variety of chemokines (5) . Chemokine secretion recruits inflammatory and immune cells to the tumor site; in the majority of cases, this process is associated with tumor progression and metastasis, as infiltrating inflammatory and immune cells facilitate tumor cell proliferation, angiogenesis, repression of the adaptive immune response and degradation of the extracellular matrix (6) . One of the most important chemokines in this process is monocyte chemoattractant protein-1 [MCP-1; also known as chemokine (C-C motif) ligand 2], a member of the C-C chemokine superfamily, which regulates leukocyte recruitment primarily via the chemokine (C-C motif) receptor type 2 (CCR2) (7) . In addition to the recruitment of inflammatory cells, MCP-1 also induces angiogenesis by chemoattraction of CCR2-expressing endothelial cells (8, 9) . High expression levels of MCP-1 in tumor cells and leukocyte recruitment has been described in various cancer types, including mammary (10), ovarian (11) , pancreatic (12) and prostate (13) cancer.
Several studies have also addressed the role of MCP-1/CCR2 signaling in RCC. In patients exhibiting RCC, enhanced MCP-1 expression in tumor cells, and infiltration of the tumors with tumor-associated macrophages and tumor-infiltrating lymphocytes has been observed (14, 15) . In xenograft models of RCC, enhanced MCP-1 expression is associated with microvessel density and tumor size (16, 17) .
In prostate carcinoma cells, in addition to paracrine signaling to recruit inflammatory or endothelial cells, autocrine MCP-1 signaling to promote cell proliferation and invasiveness has also been observed (18) . Deletion of VHL stimulates MCP-1 expression, possibly via VEGF signaling (16, 17, 19) ; however, the mechanism of regulation of MCP-1 expression in VHL + / + RCC is largely unknown. Therefore, the present study examined the regulation and function of MCP-1 in the VHL + / + RCC cell line, CaKi-1, and the VHL -/ -RCC cell line, 786-O. Particular attention was paid to a possible role of osmosensitive transcription factor nuclear factor of activated T cells 5 (NFAT5; also known as tonicity enhancer binding protein or osmotic response element binding protein), which stimulates MCP-1 expression in kidney epithelial cells during inflammatory processes (20, 21) . Our previous study reported that cellular NFAT5 activity is enhanced in CaKi-1 cells, a phenomenon associated with increased expression of the NFAT5 target gene, S100 calcium binding protein A4 (S100A4; also known as metastasin), resulting in an enhanced proliferation and migration ability of these cells (22) .
The aim of the present study was to determine whether autocrine MCP-1 signaling has a role in RCC cells and whether there are differences in the regulation of MCP-1 expression between different RCC cell lines. The present study provides evidence that autocrine MCP1/CCR2 signaling stimulates proliferation and migration of RCC cells, and that NFAT5 mediates the expression of MCP-1 in the VHL + / + cell line CaKi-1, but not in the VHL -/ -cell line 786-O. The efficiency of each primer pair was tested in initial experiments. Standard curves were generated using standards of 100, 10, 1 and 0.1 ng total starting RNA. In experiments comparing relative mRNA levels by RT-qPCR, the RNA concentration of the samples was adjusted to 25 ng/µl and constant amounts of RNA (75 ng) were used in each experiment. To ensure that the expression of the reference gene (β-actin) was stable among all three cell lines and all experimental conditions, Cq values of β-actin were compared and found no significant differences. Experiments were conducted on a CFX Connect Real Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) using the SensiMix SYBR One-Step kit (Bioline; catalog no., BIO 98005), according to the manufacturers' instructions. The relative mRNA expression levels of each gene was calculated using the 2 −ΔΔCq method (23), with β-actin as the housekeeping gene. Cq values were corrected for PCR efficiency according to the following formula: Cq E = Cq * [log(E) / Log(2)], where E is efficiency and 100% efficiency is 2. Negative controls lacking reverse transcriptase enzyme or RNA template were used in the experiments to exclude that traces of genomic DNA or other DNA contaminations were amplified. Specificity of PCR product formation was confirmed by monitoring melting point analysis and by agarose gel electrophoresis. Each experiment was repeated six times.
Materials and methods

Materials
MCP-1 concentration. CaKi-1, 786-O and HK-2 cells were grown in 96-well plates, as described. After reaching confluency, growth medium was replaced by serum-free DMEM and cells were incubated for a further 48 h. The concentration of MCP-1 in the cell culture supernatant was determined using the specific ELISA kit, according to the manufacturers' instructions. To normalize for differences in cell number, cells from each well were collected after removal of the culture supernatant, the total DNA content/well was determined spectrophotometrically at an absorbance of 260 nm, and MCP-1 concentration was normalized to DNA content.
Proliferation assays. For proliferation assays, CaKi-1 and 786-O cells were seeded in 96-well plates at a density of 5x10 3 cells/well and incubated for 24 h for cell attachment, as described. Thereafter, growth medium was removed and cells were grown for another 24-96 h in serum-free DMEM in the presence of rh MCP-1 (10 ng/ml), MCP-1 neutralizing antibody (1 µg/ml) or CCR2 antagonist RS504393 (10 µM). Control cells were left untreated. Relative cell numbers in each well were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (24) . Briefly, cells were incubated with MTT (final concentration, 0.5 mg/ml in serum-free DMEM) for 4 h at 37˚C. Thereafter, the medium was removed, formazan crystals were solubilized in 100 µl acidified isopropanol and absorption was measured at 565 nm on an Infinite M200 Pro microplate reader (Tecan Deutschland GmbH, Crailsheim, Germany).
Migration assays. Migration of PBMCs towards the conditioned medium (CM) of RCC cells was analyzed in a modified
Boyden chamber (25) . To obtain CM, CaKi-1 and 786-O cells were grown to 100% confluency in 24-well plates, as described. Subsequently, the growth medium was replaced by serum-free DMEM and cells were incubated for a further 48 h. The cell culture CM was collected by pipetting and centrifuged at 12,000 x g for 5 mins to remove unattached cells or cell debris; subsequently, the supernatant was collected. To adjust for differences in cell number, cells from each well were collected after removal of CM and total DNA content/well was determined spectrophotometrically (absorbance at 260 nm). CM were then normalized for DNA content between samples by adding serum-free DMEM. The CM was added to the lower compartments of the Boyden chamber for experimental samples, while controls were filled with unconditioned serum-free DMEM. In some experiments, the CM was preincubated with an MCP-1 neutralizing antibody (1 µg/ml) for 1 h at room temperature. The lower compartments were separated from the upper compartments by a porous polycarbonate membrane (pore size, 5 µm). The upper compartments were each filled with 10 5 freshly prepared PBMCs dissolved in serum-free DMEM. In some experiments, PBMCs were preincubated with CCR2 antagonist RS504393 (10 µM) for 1 h at room temperature. The Boyden chamber was incubated for 4 h at 37˚C and PBMCs that had migrated across the polycarbonate membrane into the lower compartment were counted using a hemocytometer under an inverted light microscope.
Cell migration of CaKi-1 and 786-O cells was analyzed using the in vitro scratch assay (26) , also known as the wound healing assay. CaKi-1 and 786-O cells were grown to confluency, as described. Subsequently, the growth medium was removed and the cell monolayers were 'scratched' with a 200-µl pipette tip. Cells were further incubated in serum-free DMEM in the presence of MCP-1 neutralizing antibody (1 µg/ml), CCR2 antagonist RS504393 (10 µM) or rh MCP-1 (10 ng/ml); control cells were left untreated. Cell migration into the immediate vicinity of the scratch was monitored using an inverted microscope (IM35; Zeiss, Oberkochen, Germany) and by capturing images every 4 h.
Knockdown of NFAT5.
CaKi-1 or 786-O cells were grown to ~80% confluency, trypsinized, washed in PBS and finally resuspended in 100 µl modified HEPES-buffered saline electroporation buffer (0.5% HEPES, 1% glucose, 0.5% Ficoll, 5 mM NaCl, 135 mM KCl, 2 mM MgCl 2 , pH 7.4) containing 2 µM Accell SMARTpool NFAT5 siRNA or Accell non-targeting siRNA #2 (control). Electroporation was conducted with a Gene Pulser Xcell Electroporation System (Bio-Rad Laboratories) at 140 V and 1,000 µF (exponential decay pulse) in a 2-mm cuvette and the cells seeded immediately thereafter in 24-well plates. Cells were incubated for 5 days prior to western blot analysis. Knockdown efficiency was determined by densitometric analysis of western blots using ImageJ version 1.47 software (National Institutes of Health, Bethesda, MD, USA)
Immunoblot analysis. The cells were seeded in 24-well plates and washed three times with chilled PBS. The cells were collected by scraping and lysed by the addition of 50 µl urea (8 M)/PBS, followed by three freeze/thaw cycles and finally centrifuged at 12,000 x g for 5 min at 4˚C. Supernatants were used as whole-cell-protein lysates. Protein concentration in the lysates was measured by the Bradford method (27), using a commercially available assay (Bio-Rad Laboratories), according to the manufacturer's protocol. Aliquots (5-30 µg protein) were subjected to 10% SDS-PAGE (28) and blotted onto nitrocellulose membranes (GE Healthcare, Pittsburgh, PA, USA). Non-specific binding sites were blocked with 5% non-fat dry milk in phosphate-buffered saline (PBS) containing 0.1% Tween-20 (PBS-T) at room temperature for 1 h. Samples were incubated with primary antibodies in PBS-T containing 5% non-fat dry milk overnight at 4˚C. Subsequently, the blots were washed 3 times with PBS-T for 5 min each, and the membranes incubated with the appropriate secondary antibody at room temperature for 1 h in PBS-T containing 5% non-fat dry milk. After washing with PBS-T 3 times for 5 min each, immunocomplexes were visualized by enhanced chemiluminescence (Pierce ECL Western Blotting Substrate; Thermo Fisher Scientific, Inc.).
Statistical analysis. Statistical analysis was performed using SPSS version 18.0 software (SPSS, Inc., Chicago, IL, USA). Data are expressed as means ± standard error of the mean. The differences between the means were assessed by two-way analysis of variance followed by Tukey's post hoc test. P<0.05 was used to indicate a statistically significant difference. All experiments were performed at least 3 times and representative results are shown.
Results
MCP-1 is highly expressed in RCC cells.
CaKi-1 and 786-O cell lines were used as models for metastatic clear cell RCC. The proximal tubule cell line, HK-2, was used as non-cancerous control cells. Expression of MCP-1 was determined by RT-qPCR (Fig. 1A) and ELISA assay (Fig. 1B) . The results showed that MCP-1 mRNA and protein is expressed in all three cell lines, however, CaKi-1 and 786-O cells exhibited ~5-fold and ~12-fold increases in expression levels, respectively, compared with HK-2 cells, demonstrating that MCP-1 expression is enhanced in RCC cells.
MCP-1 secretion of RCC cells mediates monocyte recruitment.
Secretion of MCP-1 by tumor cells and subsequent recruitment of circulating blood monocytes has an important role during infiltration of the tumor stroma by inflammatory cells in various cancer types. The recruitment of PBMCs to conditioned, serum-free CM of CaKi-1 or 786-O cells was examined using a modified Boyden chamber. As expected, monocyte recruitment towards the CM of both cell lines was significantly stronger than towards unconditioned medium (P<0.05; Fig. 2) . The results also demonstrate that the migration of monocytes towards the CM of 786-O cells, which express higher concentrations of MCP-1 than CaKi-1 cells (Fig. 1) , was stronger than towards the CM of CaKi-1 cells (P<0.05; Fig. 2) . Furthermore, preincubation of the CM of both cell lines with an MCP-1 neutralizing antibody and preincubation of PBMCs with a CCR2 antagonist (RS504393) both significantly diminished monocyte recruitment compared with CM alone (P<0.05; Fig. 2 ). These data indicate that MCP-1 secreted by RCC cells attracts PBMCs via binding to CCR2.
Autocrine effects of MCP-1 on the proliferation and migration of RCC cells.
In prostate carcinoma cells, autocrine binding of MCP-1 to CCR2 stimulates their proliferation and migration ability (18) . Expression of CCR2 in CaKi-1 and 786-O cells was detected by RT-qPCR in both cell lines. No significant differences in CCR2 expression levels were observed between the two cell lines (P>0.05; Fig. 3A) . The presence of CCR2 suggests that autocrine MCP-1/CCR2 signaling may also occur in RCC cells. To test this hypothesis, cells were grown in serum-free medium and treated with an MCP-1 neutralizing antibody, rh MCP-1 or a CCR2 antagonist (RS504393). Control cells were left untreated. Cell numbers were determined at 24-h intervals between 24 and 96 h by MTT assay. As shown 5 PBMCs diluted in serum-free, unconditioned medium; in some experiments, PBMCs were preincubated with the CCR2 antagonist RS504393 (|\|). The Boyden chamber was incubated for 4 h. Thereafter, PBMCs that had migrated into the lower compartment were counted using a hemocytometer under a microscope. Data are presented as the mean ± standard error of the mean (n= 6). To demonstrate comparable protein loading, the blots were also probed for β-actin. Representative blots from 4 independent experiments are shown. (C) CaKi-1 and 786-O cells were transfected with siRNA constructs specific for NFAT5 (■) or with non-targeting siRNA (■) as controls, and were grown for 72 h. Thereafter, protein lysates were processed for immunoblotting to confirm NFAT5 knockdown. To demonstrate comparable protein loading, the blots were also probed for β-actin. Representative blots from 4 independent experiments are shown. Densitometric analysis of NFAT5 abundance was performed using ImageJ software. NFAT5 expression in CaKi-1 or 786-O cells transfected with non-targeting siRNA was defined as 100%. Data are presented as the mean ± SEM (n=4). (D) CaKi-1 and 786-O cells were transfected with siRNA constructs specific for NFAT5 (■) or with non-targeting siRNA (■) as controls, and were grown for 72 h. To determine MCP-1 transcription levels, RNA was extracted from the cells and the abundance of MCP-1 mRNA was determined by RT-qPCR. Relative MCP-1 mRNA abundance was normalized to that of β-actin to correct for differences in RNA input. Data are presented as the mean ± SEM (n=4). The results of the current study agree with a previous study, in which prostate carcinoma cell proliferation was stimulated by autocrine MCP-1/CCR2 signaling (18, 30) . Therefore, another important mechanism for the development of metastatic RCC may be the positive effect of autocrine MCP-1/CCR2 signaling on the cell migration ability of CaKi-1 and 786-O cells.
The results of the present study also indicate that endogenous MCP-1 expression levels are sufficient for maximum proliferation, but not for maximum migration of RCC cells. These limitations regarding migration ability may be overcome during metastasis by an increase in MCP-1 expression (31) . Metastatic RCC is characterized by frequent bone metastases (32) . During metastasis, osteoblast-derived factors increase MCP-1 expression in RCC cells to enhance cancer cell migration via an autocrine mechanism, thereby facilitating bone metastasis (31) . This process is mediated via the cancer-associated cell membrane glycoprotein, dysadherin. Data from the literature suggest that a similar mechanism occurs during bone metastasis of mammary carcinoma cells (33) , indicating that autocrine MCP-1/CCR2 signaling may also have an important role during bone metastasis in other types of cancer.
The importance of autocrine MCP-1/CCR2 signaling, particularly during metastasis of RCC cells, is also highlighted by the fact that only 15% of primary tumor cells but 52% of metastatic cells express CCR2 (34) . These data suggest that CCR2 may be a potential target for future treatment strategies of metastatic RCC (and other cancer types), as pharmacological inhibition of CCR2 may not only influence paracrine MCP-1 signaling to decrease the recruitment of inflammatory monocytes and endothelial cells, but also affect autocrine MCP-1 signaling, thereby decreasing the proliferation and migration ability of carcinoma cells. The first clinical trials investigating the therapeutic potential of pharmacological CCR2 inhibitors in pancreatic cancer are currently in progress (35) .
For future studies, it will be important to evaluate the proliferative and pro-migratory pathways that are activated by autocrine MCP-1/CCR2 signaling in cancer cells. It is well documented that CCR2 activates the phosphatidyl inositol 3 kinase (PI3K)/Akt pathway (30) , which in turn can stimulate cell proliferation, for example via activation of the mammalian target of rapamycin signaling pathway (36) . CCR2 can also stimulate cell migration, for example via activation of p70S6 kinase (37) . However, due to the complexity of the PI3K/Akt signaling pathway, extensive analysis of downstream signaling molecules will be necessary to reveal the detailed molecular mechanisms of autocrine MCP-1/CCR2 signaling in cancer cells. (38) (39) (40) (41) (42) , as well as the expression of pro-inflammatory cytokines in macrophages and lymphocytes (43, 44) . Several studies suggest that NFAT5 has an important role in the development of various cancer types, such as non-small cell lung cancer (45, 46) , melanoma (47) , leiomyoma (48) , breast cancer (49-51) and colon carcinoma (52) (53) (54) . A recent study identified NFAT5 as a master regulator of inflammatory breast cancer (55) , which is the most aggressive type of breast cancer due to its high angiogenic potential, invasiveness, and frequent local and metastatic recurrences. An important target gene of NFAT5 in the context of tumor progression is S100A4, as demonstrated in colon, breast and RCC cells (22,51,52,56 ). The present study provides evidence that, in addition to S100A4, MCP-1 may also be upregulated by NFAT5 in carcinoma cells. The upregulation of MCP-1 by dysadherin has an important role during bone metastasis of cancer cells; however, the molecular mechanisms by which dysadherin enhances MCP-1 expression are largely unknown. Notably, dysadherin is a modulator of Na + /K + -ATPase (57,58), which has been shown to stimulate NFAT5 activity (59) (60) (61) . As NFAT5 and nuclear factor-κB (NF-κB), which is also activated by dysadherin (33) , can cooperatively induce MCP-1 expression (21, 62) , we propose that dysadherin stimulates MCP-1 expression via co-activation of NFAT5 and NF-κB. However, the details of this mechanism remain to be elucidated.
In conclusion, the present study demonstrated that autocrine MCP-1/CCR2 signaling stimulates the proliferation and migration ability of RCC cells. MCP-1 expression in the VHL + / + cell line, CaKi-1, but not in the VHL -/ -cell line, 786-O, is mediated by the transcription factor NFAT5, further emphasizing the role of NFAT5 as a protumorigenic factor. The present results suggest that MCP-1/CCR2 axis and/or NFAT5 may act as potential targets for future therapeutic strategies in the treatment of metastatic RCC.
